OBJECTIVE: To validate the assessment of total body water (TBW) and extracellular water (ECW) by multi-frequency bioelectrical impedance. SUBJECTS: Twenty-®ve overweight but otherwise healthy subjects and 20 lean subjects. DESIGN: Cross-sectional. MEASUREMENTS: TBW and ECW were determined by dilution techniques. Prediction equations from the literature were used to calculate TBW and ECW from measured impedance at 100 and 50 kHz or 1 and 5 kHz, respectively. In 18 of the obese subjects, impedance was also measured with the electrodes placed at proximal sites. RESULTS: In lean and obese subjects, signi®cant correlations were observed between the impedance index (H 2 /Z) at high frequencies with TBW (r 0.90, P`0.001 in lean and r 0.80, P`0.001 in obese subjects) and at low frequencies with ECW (r 0.87, P`0.001 and r 0.77, P`0.001 respectively). Proximal placement of electrodes slightly improved the correlation between the impedance index and TBW (from r 0.83 to r 0.90 at 50 kHz and from r 0.85 to r 0.90 at 100 kHz) and ECW (from r 0.77 to r 0.83 at 1 kHz and from r 0.79 to r 0.85 at 5 kHz). The association of ECW and TBW with H 2 /Z was different for obese and lean subjects: in obese subjects a given amount of TBW or ECW corresponded with a lower index. An equation consisting only of the impedance index could predict TBW and ECW with small mean errors in lean (1.3 and 0.8 kg respectively) and obese subjects (0.1 and 0.0 kg respectively). Applying a more speci®c equation, including other subject characteristics, resulted in larger prediction errors in obese subjects, illustrating the population speci®city of prediction equations. Furthermore an association was observed of the prediction bias of TBW and ECW with TBW (r 0.48, P`0.01) and ECW (r 0.70, P`0.001) respectively, and with body water distribution (r 7 0.38 and r 0.33 respectively, P`0.05). TBW and ECW were also associated with weight (r 0.76 and r 0.71 respectively, P`0.001) and body mass index (BMI) (r 0.54 and r 0.53 respectively, P`0.001). CONCLUSION: It appeared from this study that the accuracy of TBW and ECW estimation with the impedance technique is dependent on the absolute amount of TBW and ECW. A higher amount of TBW and ECW in obese subjects may contribute to a difference in prediction error between lean and obese individuals.
Introduction
Since the development of the bioelectrical impedance technique the method has become popular for the assessment of body composition. Many studies have already demonstrated that total body water (TBW) and fat free mass (FFM) can be assessed by the impedance technique at a frequency of 50 kHz with reasonable precision at a population level.
1 Numerous prediction equations have been developed to calculate FFM or TBW from the measured impedance. However, prediction equations have proved to be population speci®c and an equation developed in one population can therefore result in inaccurate estimates when applied to another population. 2 This speci®city is mainly due to the fact that body impedance is, among others, dependent on body size, body shape and the intra-and extracellular water distribution. 3, 4 Water distribution depends on gender and age in the healthy individual, but could also be affected by body weight. In obese adult individuals a relative expansion of extracellular¯uid has been observed. 5 Since the development of new impedance instruments which can measure impedance at different frequencies, the independent estimation of extracellular water (ECW) and TBW has become possible. At low frequencies the current cannot penetrate the cell membrane so that body impedance at low frequencies is a measure of ECW only. At higher frequencies the current is conducted through both ECW and intracellular water (ICW) and so body impedance is a measure of TBW. The multi-frequency impedance technique could therefore be a valuable tool to measure body water distribution in malnourished subjects, in the critically ill or in other patients in whom hydration is of clinical concern.
In the present study we have evaluated the validity of the multi-frequency impedance technique to determine body¯uids in overweight individuals and we examined whether the estimation of ECW and TBW is in¯uenced by body mass index (BMI) or body water distribution. No new prediction equations have been developed, but equations from the literature were used to calculate ECW and TBW from impedance. Furthermore, it has been reported that the impedance of the extremities determine a high proportion of body impedance 8, 9 whereas they contribute relatively little to the conducting volume. We therefore examined, in accordance with others, 10±12 whether a proximal placement of electrodes could substantially improve the association between impedance and the body water compartments.
Patients and methods
Twenty-®ve overweight, but otherwise apparently healthy, subjects who attended the out-patient clinic of the Antwerp University Hospital, participated in this study. These participants were not specially selected. All subjects had a BMI over 27 kg/m 2 and they could be classi®ed from overweight to morbid obese. All measurements were performed in the morning after an overnight fast. Body weight and height were measured to the nearest 0.01 kg and 0.5 cm respectively.
TBW and ECW were determined by deuterium and bromide dilution, respectively. A mixture of 15 g deuterium oxide and 900 mg bromide (as KBr), accurately weighed, was taken orally by the subjects. After a dilution time of approximately 4 h a venous blood sample was taken. The plasma was separated and stored at À20 C until analysis. Plasma deuterium and bromide concentrations were determined by infrared spectroscopy and HPLC, as described in detail elsewhere, and TBW and ECW were calculated. 7 Body impedance was measured using ECG electrodes placed as described by Lukaski et al. 13 Measurements were made with a Human IM-Scan Impedance analyser (Dietosystem, Milan, Italy) at 1, 5, 50 and 100 kHz.
In 18 obese subjects, the sensor electrodes were replaced to the knee at the center of the patella and at the level of the olecranon at the dorsal surface on the arm, and the measurements were repeated.
Prediction equations developed by Deurenberg et al 7 were used for the estimation of TBW and ECW from impedance:
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IVb TBW 0X700 Ã height 2 aR50 À 0X32 To compare TBW and ECW assessments between obese individuals and normal weight individuals, data of a lean control group of similar age and height were obtained. These subjects had participated in a study of body composition in Wageningen, The Netherlands, 7 where all measurements were done in a similar way. All deuterium and bromide analyses were performed in the same laboratory, following the same protocol.
Statistical analyses were done using the SPSS/PC software. 15 Differences between the obese and the control subjects were tested by means of ANOVA. Correlations are Pearson's product moment correlation coef®cients. Multiple linear regression analysis was used to study the association of measured water compartments with the impedance index. Differences in slope and intercept of the equation in obese and controls were examined by the method described by Kleinbaum et al. 16 All values are given as mean AE s.d., unless mentioned otherwise.
Approval was given by the Ethical Committee of the Agricultural University in Wageningen.
Results
The characteristics of the obese and the lean subjects are given in Table 1 . As intended, the two groups did not differ in age and height, whereas weight and consequently BMI, TBW and ECW were signi®cantly higher in the obese group. Body water distribution was not different between the two groups. In the obese subjects the measured impedance values tended to be lower at all frequencies, but this difference was not only signi®cant at 5, 50 and 100 kHz. The ratio of impedance at 1 and 100 kHz (zl/z100) was higher in the obese subjects. In the lean as well as in the obese subjects highly signi®cant correlations were observed between the impedance index (H 2 /Z) at high frequencies and TBW (r 0.90, and r 0.80 respectively, P`0.001) and between the index at low frequencies and ECW (r 0.87 and r 0.77 respectively, P`0.001).
In addition, in 18 obese subjects, a comparison was made between distal and proximal electrode placement. The Pearson correlation coef®cient of TBW with proximal measured impedance values, was slightly higher compared to the distal electrode placement (r 0.90 and r 0.85 respectively P`0.001 at 100 kHz and r 0.90 and r 0.83 respectively, P`0.001 at 50 kHz.) Proximal electrode placement also improved the correlation of ECW with the impedance index (from r 0.79 to r 0.85, P`0.001 at 5 kHz and from r 0.77 to r 0.83, P`0.001 at 1 kHz).
Regression analysis was performed in the separate groups of lean and obese subjects to describe the association between the impedance index and TBW. The slope of the resulting equations was slightly, but not signi®cantly different between obese and lean subjects (0.46 AE 0.07 vs 0.50 AE 0.06, mean AE s.e.m.). Therefore the groups were combined and regression analysis was repeated in the total group of lean and obese subjects, including a variable obesity (OB) coded 0 lean and 1 obese, according to the following regression equation:
The effect of obesity on the relation between TBW and the impedance index at 100 kHz was statistically signi®cant (P`0.05) ( Table 2) , implying a larger TBW compartment at a given impedance index in the obese group. The association between ECW and the impedance index at 1 kHz was affected by obesity in a similar way ( Table 2) . For further analyses, equations Ib and IIb were applied to predict TBW and ECW.
In Figure 1 the individual differences between measured and predicted TBW and ECW are illustrated. These ®gures show that the prediction error of TBW can be as high as about 20% of TBW or ECW in the individual.
Pearson' correlation coef®cients were calculated Z1 impedance at 1 kHz; Z5 impedance at 5 kHz; Z50 impedance at 50 kHz; Z100 impedance at 100 kHz; Z1/Z100 impedance ratio. *P`0.05. **P`0.001. Multi-frequency impedance in obesity M Steijaert et al from the prediction bias of TBW and ECW (measured minus predicted) with TBW, ECW and body water distribution (ECW/TBW). In the total group the prediction bias of TBW and ECW was positively correlated with TBW (r 0.48, P`0.01) and ECW (r 0.70, P`0.001) respectively, and with body water distribution (r 70.38 and r 0.33 respectively, P`0.05). TBW and ECW correlated signi®cantly with BMI (r 0.54 and r 0.53 respectively, P`0.01) and with weight (r 0.76 and r 0.71 respectively, P`0.001).
In obese subjects z1/z100 was negatively correlated with ECW/TBW (r 70.45, P`0.05)). This correlation could not be observed in the lean group.
Discussion
In the present study, bioelectrical impedance was measured at different frequencies in two groups of subjects who differed in BMI. The TBW and ECW compartment as measured by the dilution technique appeared to be larger in obese subjects than in lean. Although another study reports a relative expansion of the ECW compartment in obese persons 5 this could not be con®rmed in the present study. However, the obese subjects who participated in this study were not as extremely obese (mean BMI: 33.9 AE 4.4 kg/m 2 ) as the subjects in the study of Waki et al 5 (mean BMI: 46.9 AE 6.5 kg/m 2 ). In this study, ECW and TBW were highly correlated with the impedance indexes at high and low frequencies respectively, in both lean and obese subjects. Furthermore, in accordance with earlier studies 10±12 proximal placement of the electrodes slightly improved the association of TBW and ECW and the impedance indexes. Disproportionate impedance values of extremities and trunk have been reported by several studies. 8, 9 The extremities determine a high proportion of body impedance, but contribute little to the conducting volume, compared to the trunk. This can be explained by the fact that the extremities are relatively long and have a small diameter compared to the trunk, resulting in relatively high impedance values. Therefore it was suggested 8, 9 that proximal placement of electrodes could improve the impedance technique. However in the present study some dif®culty was experienced with standardized placement of the sensor electrodes. Consensus about more proximal electrode placement may improve the accuracy of the impedance technique. Furthermore prediction equations developed with this electrode con®guration may be more valid when applied to another group, because some of the population variation due to body build may be excluded. A disadvantage of proximal electrode placement could be that in, for example, subjects with edema, body water may not be accurately estimated when the extremities are not included in the measurement.
When the association of the impedance index at 100 or 1 kHz with TBW or ECW, respectively, was compared between obese and lean subjects it was shown that a given amount of TBW or ECW corresponded with higher values of H 2 /Z in lean subjects than in obese subjects. This can be explained by differences in body build. The obese may have relatively more water in the trunk, which will therefore have relatively little impact on body impedance. Thus total body impedance is likely to be higher (consequently the impedance index lower) compared to TBW or ECW.
Prediction equations from the literature were used to calculated ECW and TBW from the measured impedance. These equations have been developed in different populations of relatively lean subjects. Therefore some error could be expected when applying them in the group of obese subjects. Furthermore these populations consisted of both males and females or males only, in contrast to the present`female' population. The different equations gave different results in lean and obese subjects. Generally the equations that included more subject characteristics resulted in larger mean errors in obese subjects than in lean controls, in contrast with the equation including only the impedance index. The Segal et al 6 equations which were developed in males only, resulted in large prediction errors for TBW. These results again illustrate the population speci®city of the prediction equations.
The equations consisting only of the impedance index, could predict TBW and ECW with small mean errors. It can therefore be concluded that multi-frequency impedance can be used to estimate ECW and TBW on a population level. However in individual subjects large prediction errors did occur.
Calculating TBW and ECW with equations Ib and IIb, an association was observed between the prediction bias of TBW and ECW (measured minus predicted) and TBW and ECW, respectively, in the total group. Since weight and BMI are highly associated with TBW and ECW, it is likely that any association of obesity with a prediction bias of TBW and ECW will be caused by the level of TBW and ECW. This is in line with the earlier mentioned theory that obesity, associated with more TBW in the trunk, causes relatively low impedance indexes and therefore relatively lower estimated TBW values using equation Ib.
Furthermore, the prediction bias of TBW seemed to be in¯uenced by body water distribution: the relatively more ECW there is, the more TBW is overestimated, which was also shown in an earlier study. 7 This suggests that at the measured frequencies the current does not fully penetrate the cell membrane and impedance is actually not a measure of TBW but of ECW plus partly ICW. Furthermore differences in the amount and the kind of dissolved electrolytes may be the cause of the fact that ICW resistance is higher than ECW resistance. This results in a dependency of impedance on body water distribution. 17 If the prediction of TBW and ECW with bioelectrical impedance is dependent on body water distribution, it will limit its value to determine water compartments in subjects with abnormal hydration.
Moreover, since body water distribution (ECW/ TBW) correlated only weakly with the ratio of the impedance at low and high frequencies (z1/z100) in the obese group and not at all in the lean group, this impedance ratio is not a valid parameter for body water distribution. However in a study of Deurenberg et al 18 it was shown that at an individual level, differences in the impedance ratio always re¯ect differences in body water distribution. Thus although the impedance ratio does not seem to re¯ect the water distribution status, it might be a valid tool to monitor changes in body water distribution.
Conclusion
In conclusion, regarding the association of ECW or TBW with the impedance index at low or high frequencies, respectively, it was shown that a certain amount of TBW or ECW corresponded with lower values for the impedance index in obese, than in lean, subjects. TBW and ECW could be predicted with small mean errors using an equation consisting of the impedance index. The accuracy of the impedance technique seemed to be in¯uenced by the amount of TBW and ECW per se and the ECW/TBW ratio.
